Polycyclic aromatic hydrocarbons (PAHs) constitute a major component of the interstellar medium carbon budget, locking up to 10-20% of the elemental carbon. Sequential fragmentation induced by energetic photons leads to the formation of new species, including fullerenes. However, the exact chemical routes involved in this process remain largely unexplored. In this work, we focus on the first photofragmentation steps, which involve the dehydrogenation of these molecules. For this, we consider a multidisciplinary approach, taking into account the results from experiments, density functional theory (DFT) calculations, and modeling using dedicated MonteCarlo simulations. By considering the simplest isomerization pathways -i.e., hydrogen roaming along the edges of the moleculewe are able to characterize the most likely photodissociation pathways for the molecules studied here. These comprise nine PAHs with clearly different structural properties. The formation of aliphatic-like side groups is found to be critical in the first fragmentation step and, furthermore, sets the balance of the competition between H-and H 2 -loss. We show that the presence of trio hydrogens, especially in combination with bay regions in small PAHs plays an important part in the experimentally established variations in the odd-to-even H-atom loss ratios. In addition, we find that, as PAH size increases, H 2 formation becomes dominant, and sequential hydrogen loss only plays a marginal role. We also find disagreements between experiments and calculations for large, solo containing PAHs, which need to be accounted for. In order to match theoretical and experimental results, we have modified the energy barriers and restricted the H-hopping to tertiary atoms. The formation of H 2 in large PAHs upon irradiation appears to be the dominant fragmentation channel, suggesting an efficient formation path for molecular hydrogen in photodissociation regions (PDRs).
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are generally accepted as carriers of the aromatic infrared bands (AIBs), a family of emission features that dominate the mid-infrared spectrum of most astronomical objects containing dust and gas (Tielens 2013, and reference therein). Infrared space telescopes such as Spitzer have allowed further insight into the composition of the astronomical PAH family and other large C-containing molecules, such as the fullerene C 60 , which has been unambiguously identified in planetary nebulae (e.g., Cami et al. 2010; García-Hernández et al. 2012; Otsuka et al. 2013 ) and in photodissociation regions (PDRs, Sellgren et al. 2010; Berné & Tielens 2012; Boersma et al. 2012; Castellanos et al. 2014) . Berné & Tielens (2012) noted a clear anticorrelation of the intensity of the PAH and fullerene IR-bands in NGC 7023. Based on this, they proposed that fullerenes can be formed in PDRs through UV photodestruction of large PAHs (N C ≥ 60). The first step of this process involves the stripping of the hydrogen atoms from the edge of the molecule. This would be followed by C 2 -loss and isomerization, effectively folding the dehydrogenated PAH into a closed fullerene structure (Berné et al. 2015) . Support for this model has been provided by observations of other fullerene containing PDRs (Castellanos et al. 2014) .
Recently, Zhen et al. (2014a) have presented experimental evidence supporting fullerene formation through PAH photodestruction. However, the details of this mechanism are still not understood. Studies regarding the first stage of such processdehydrogenation -have been limited mostly to small PAHs and consider only the lower energy channels (Ling et al. 1995; Ling & Lifshitz 1998; Ekern et al. 1998; West et al. 2014) . Appearance energies (AE) for the lowest energy channels, namely H-, H 2 -and C 2 H 2 -loss, have been measured experimentally for PAHs up to coronene (Jochims et al. 1994) . These experiments show that the preferred fragmentation channel is H-loss for all but one of the molecules in their study and that the AEs for H-and C 2 H 2 -loss are very close in energy -e.g., for the triphenylene cation (C 18 H 12 + ) they correspond to 16.1±0.3 and 16.7±0.3 eV, respectively (Jochims et al. 1994) .
All experimental studies on PAH dehydrogenation show the same pattern: photoproducts with an even number of hydrogen atoms have systematically higher abundances than those that retain an odd number of hydrogens (Ekern et al. 1998; West et al. 2014; Zhen et al. 2014b,a) . Additionally, PAHs with less than 24 carbon atoms do not reach full dehydrogenation before acety- lene (C 2 H 2 ) loss starts competing with pure dehydrogenation (Ekern et al. 1997; West et al. 2014) , while larger PAHs appear to reach full dehydrogenation before carbon losses become important (Ekern et al. 1998; Zhen et al. 2014a ).
Direct fragmentation of PAHs is not the only process that needs to be taken into account upon irradiation. Isomerization in general and hydrogen hopping in particular, is known to proceed efficiently at internal energies below the threshold for direct dissociation (Bauschlicher & Ricca 2014; Paris et al. 2014; Chen et al. 2015; Trinquier et al. 2017a,b) . Considering a molecule with two adjacent hydrogen atoms on the edge as coronene for example, when a hydrogen shifts, the molecule hybridization changes locally from sp 2 to sp 3 , resulting in an aliphatic-like bond and an empty carbon center. Isomerization can affect the fragmentation behavior. For example, aliphatic C-H bonds are notoriously weaker than aromatic C-H bonds (Paris et al. 2014; Trinquier et al. 2017a) . Additionally, there is the possibility to lose molecular hydrogen from such an aliphatic site with a transition state significantly lower than the corresponding transition state from a fully aromatic structure (Paris et al. 2014) . This mechanism could be relevant as alternative formation route of H 2 on PAH molecules in PDRs (see Wakelam et al. 2017 , for a recent review). Other isomerization pathways lead to alterations of the carbon skeleton, i.e., the formation of dangling ethynyl or vinyl groups, or rearrangement of the hexagons into pentagons and/or heptagons (Bouwman et al. 2016; Trinquier et al. 2017b ).
Here we report a systematic study of the H-loss pathway in PAHs under laser irradiation using ion trap time-of-flight mass spectrometry (Zhen et al. 2014b) (Sect. 2) . To interpret the experimental data, Density functional theory (DFT) calculations are used to evaluate the rates of isomerization reactions, which are then implemented in a Monte-Carlo simulation to identify the dominant fragmentation channels (Sect. 3). In Sect. 4 we detail both the experimental and theoretical results. As explained in Sect. 4.3.1, we have restricted our analysis on the isomerization to reactions exclusively involving hydrogen hopping, without modifications on the carbon skeleton. Considering these simplifications, we have limited our results to the first four hydrogen losses. As dehydrogenation progresses further, rearrangements of the carbon structure can affect the validity of our results. We discuss our results in the context of previous work and its astrophysical implications in Sect. 5. Finally, the main conclusions and possible directions for future research are summarized in Sect. 6.
Experimental Methods
This work encompasses nine PAHs, whose chemical formulas and structures are summarized in Fig. 1 . These PAHs were selected as they represent a diverse range of sizes and edge structures and are commercially available. We have focused on medium to large sized PAHs, as they are thought to be more representative of interstellar PAHs. A number of small PAHs have also been included within our sample, in order to compare and validate our results against previous work.
We performed the current experiments with our instrument for photodynamics of PAHs (i-PoP) in the Sackler Laboratory for Astrophysics at Leiden Observatory. A more in-depth description of the system has been provided in Zhen et al. (2014b) . Relevant details, together with the specific conditions of the current set of experiments, are provided here. The set-up consists of a quadrupole ion trap (QIT) connected to a time-of-flight mass spectrometer (TOF-MS), in order to confine and irradiate precursors and to analyze their photoproducts. Commercially obtained samples of each molecule studied ( Fig. 1) were introduced into an oven one at a time. The oven was then placed under vacuum in the same chamber as the QIT, and subsequently heated up to the sublimation temperature of the selected precursor species. Typical values range from 315 K (triphenylene) to 600 K (dicoronylene). The working pressure of the QIT chamber is ∼5.0 × 10 −7 mbar.
Each operation cycle consisted of ionization, QIT filling, mass isolation and irradiation. Ionization of the gas-phase molecules was achieved via electron impact, which also induced partial dehydrogenation. The ions thus produced were then guided into the QIT using ion-optics plates. After filling the QIT for 3 s, the ion-optics voltages were set so as to prevent additional molecules from reaching the trap. Helium gas was injected continuously into the QIT chamber to cool down the ions and thus reduce the size of the ion cloud, increasing the overlap between it and the laser beam. A ∼650 µs long SWIFT pulse was then applied to the end caps of the QIT in order to isolate the isotopically pure parent species. The efficiency of the SWIFT mass-selection varied for different molecules, and it generally worsened as molecular mass increased. The selected ions were then irradiated with a Nd:YAG pumped dye-laser, with a repetition rate of 10 Hz. We used DCM as a dye, tuning the dyelaser to produce radiation at 656 nm (∼ 2 eV). By using photons of such wavelength the internal energy of the precursor molecule can build up slowly, thus increasing our sensitivity to the lower energy fragmentation channels. The irradiation time was controlled by a shutter outside the main vacuum chamber and set to 0.3 s, thus allowing three laser pulses. Finally, an extraction pulse sent the photoproducts into the TOF-MS for detection. The final mass spectra were then created by averaging seventy of the previously described cycles at a given laser fluence.
In the case of the largest PAHs studied here (HBC and dicoronylene) the SWIFT pulse was not selective enough to eliminate the isotopic peaks, meaning that in these cases we aimed at reducing the electron-gun induced fragmentation rather than full removal of isotopic peaks. For smaller PAHs, the mass isolation was still not perfect and small levels of fragment and isotopic peaks remained, but did not influence our analysis. Independently of the SWIFT pulse efficiency for each species, the leftover isotopic contribution was arithmetically removed by calculating the ratio of the first isotopic peak to the parent peak and proportionally removing this contribution from the mass spectra. The lowest mass peak observed for a specific PAH cation does not have 13 C contributions, so the isotopic ratio is multiplied by the intensity of this peak and the result is removed from the immediately higher mass peak. This was then repeated all the way to the parent and isotopic peak.
The intensity of each mass peak in the spectra was calculated by fitting each individual peak using a Pearson IV function. We chose a Pearson IV function to account for the fact that the mass peaks are not perfectly symmetric, and the additional parameters improve the correspondence between the data and the fit. A comparison of the results of this fit to a Gaussian fit to the same mass spectrum is presented in Fig. 2 . The decrease in the residuals is noticeable, particularly in the case of high intensity peaks. We estimated the error related to this integration by calculating the root-mean-square over the residual within one standard deviation from the center.
Theoretical methods

Density Functional Theory calculations
Density Functional Theory (DFT) calculations were performed to interpret the results of the experiments. Intermediate and transition state structures were investigated with B3LYP/6-31G(d,p) using the quantum chemistry software Gaussian 09 (Frisch et al. 2009 ). Transition state structures were generally found with the help of the Berny algorithm; for more difficult cases the Synchronous Transit-Guided Quasi-Newton (STQN) method (Peng & Schlegel 1993; Peng et al. 1996) was used. Vibrational analysis was performed to verify the nature of the structure -i.e. no imaginary frequency for intermediate states, and one imaginary frequency for transition states -and to obtain zero-point vibrational energies (ZPEs). Bond dissociation energies (BDEs) were calculated as the difference in the total energy (electronic energy and ZPE) between products and reactants.
To evaluate the accuracy of our calculations, we compared our results to previous experiments or, when these were not available, to high level calculations on smaller and comparable systems. In the case of naphthalene cation (C 10 H 8 + ), barriers for H-hopping reactions calculated at B3LYP/6-31G(d,p) level were found to be overestimated by an average of 0.12 eV and 0.15 eV when compared with more accurate but highly-expensive methods such as CBS-QB3 (Montgomery et al. 2000) and G3 (Baboul et al. 2000; Dyakov et al. 2006 ). The experimental C-H BDEs for benzene (C 6 H 6 ) and for the two different C-H bonds in naphthalene (C 10 H 8 ) are 4.76 eV (Bauschlicher 1998) and 4.87/4.89 eV (Reed & Kass 2000) ; the values calculated with B3LYP/6-31G (d,p) Fig. 3 . Comparison of the mass spectra of perylene (left) and coronene (right) for different experimental conditions. In black is the spectrum before the SWIFT pulse and without irradiation, which shows electron induced fragmentation (intensity is scaled by 0.3). In red is the SWIFTed and non-irradiated mass spectrum. The green and yellow traces show the mass spectra, after SWIFT pulse and irradiation, for representative low and high laser energy, respectively.
Reaction Rates
For each reaction studied with DFT the rate was calculated using Rice-Ramsperger-Kassel-Marcus (RRKM) theory (Baer & Hase 1996) in the form
where h is the Planck constant, W * is the sum of states of the transition state of the reaction, ρ is the density of states of the reactant and E 0 is the energy barrier of the reaction, calculated with DFT. Both the sum of states and density of states were calculated from the DFT normal modes using the densum program from the MULTIWELL suite (Barker et al. 2017; Barker 2001) . Enthalpy of activation at T = 1000 K (∆S 1000 ) was also calculated for each reaction using
where E and Φ are the energy and the molecular vibrational partition function of the parent molecule, respectively, while E * and Φ * are the same properties, but for the transition state.
Monte-Carlo Simulation
In order to model the dehydrogenation process, we have developed a Monte-Carlo code that considers the different hydrogen hopping and fragmentation channels. The rates for these reactions are molecule dependent and calculated using the methods described in the two previous sections. The possible reactions (aromatic H-loss, aromatic H 2 -loss, formation of an aliphatic group, hydrogen hopping to a tertiary 1 carbon or emission of an IR photon, in the case of the initial structure) are weighted according to their degeneracies, e.g. in the base case of coronene, 1 In the text of this paper we use the adjective tertiary to describe the edge carbon atom bridging two rings.
aromatic H-loss can happen from twelve different positions.The molecular structure of the unperturbed PAH (as in Fig. 1 ) is given as the initial configuration when running the Monte-Carlo simulations. The time-step is adjusted, taking a tenth of the reciprocal of the sum of all the rates, so that there is 90% chance of nothing happening during each time-step. The weighted rates are converted into a probability by using,
where p i and k i are, respectively, the probability and the rate of the i-th reaction and ∆t is the time-step. The outcome of the model is randomly determined while the structure, its internal energy and the time are updated after each event.
The code can be run in two different settings. In one, the initial internal energy of the molecule is set and left to evolve for a fixed amount of time in order to determine the AE of the fragments and the main dissociation channels involved. In the second setting, the code simulates the experimental conditions in our set-up. In this variation, an additional photon absorption rate is included, based on the cross-sections derived by Malloci et al. (2007) and the laser fluence. Photon absorption is limited to the first 2 ns, as per the pulse duration. Given the 10 Hz repetition rate of the laser, the molecule is left to evolve for 0.1 s before the next photon absorption phase. In this manner, the three pulses are simulated and the molecule is permitted to evolve for one additional second in order to account for the time between the last pulse and the extraction into the TOF. In this last setting, the partial overlap of the ion-cloud with the laser beam has been included by adding the possibility (ranging from 20 to 40%) that in a given pulse the molecule will not be able to absorb photons, as it stays outside the beam area. In both formats, the simulation is run for 2500 independent trials per data point (internal energy or laser fluence, respectively) in order to have proper statistics. Norm. intensity + ), containing only trio hydrogens connected by bay-regions. In black is shown the intensity of the corresponding parent molecule, while in blue, red, green and yellow are displayed the fragments corresponding to one, two, three and four hydrogen losses respectively.
Results
In the next subsections we describe the results of our work. Detailed experimental results for each molecule are summarized in Sect.4.1. The results of DFT calculations, in particular the barriers for different channels for H-and H 2 -loss are presented for a subgroup of the studied molecules in Sect. 4.2. Finally, in Sect. 4.3 we present the results of the Monte-Carlo simulations applied to three molecules of our sample -perylene, coronene and ovalene -discussing their limitations and applicability to the experimental results of our sample. Figure 3 shows examples of mass spectra for perylene and coronene. A general property found in the fragmentation pattern of PAHs studied here is that even mass peaks are enhanced with respect to the preceding odd peak, as noted in previous work (Ekern et al. 1998; Zhen et al. 2014b; West et al. 2014) . Figure 3 shows also how the odd-to-even ratio in perylene (left panel) increases both as the dehydrogenation moves along and as the laser fluence is increased. For coronene (right panel) , this ratio appears to be constant, independently of the hydrogenation state. A general result of our study is that the variation of the odd-toeven ratio with dehydrogenation (1H/2H, 3H/4H etc.) is related to the edge structure of the PAH molecule. We also find that the size of the molecule plays an important role in determining the odd-to-even ratio; large (N C ≥ 32) molecules show a significant decrease in the odd to even hydrogen ratio at all hydrogenation states. Eventually, the size effect ends up washing away the differences arising from the edge structure. In all our experiments the level of dehydrogenation seems to converge at high laser fluence, with the particular value depending on the molecule. We ascribe such behavior to a partial overlap between the laser beam and the ion cloud, which prevents part of the ions to dissociate. This is further supported by the fact that not only the parent molecule fragmentation stabilizes, but also the fragments themselves do not vary in intensity after that point. molecules (N C ≤ 32). Triphenylene is the smallest molecule considered in our sample (TPH; C 18 H 12 + ) and contains only quarto hydrogens. Only losses up to four hydrogen atoms are detected as observed by Ekern et al. (1998) . Figure 4a shows that, while at low laser fluence H-loss and 2H-loss have a similar intensity, the 2H-loss mass peak clearly dominates at 2 mJ. A similar pattern is observed for 3H-loss and 4H-loss, although the laser fluence at which 4H-loss dominates is between 3 and 4 mJ, where H-loss and 4H-loss have almost the same intensity.
Experiments
Perylene (Pery; C 20 H 12 + , Fig. 4b ) has only trio hydrogens and up to six hydrogen losses are detected in our experiments, two less than what was observed by Ekern et al. (1998) . The odd to even ratio in successive H-losses of perylene increases as the dehydrogenation progresses. The 2H-loss mass peak is much more prominent than that for H-loss. Additionally, both the H-loss and 3H-loss intensities are nearly the same starting at 4 mJ, while for triphenylene both intensities remain different along the whole laser fluence range. Furthermore the 4H-loss channel overcomes the H-loss channel early on, and the ratio of -3H/-4H fragments is higher than the -H/-2H fragment ratio.
In coronene (Coro; C 24 H 12 + , Fig. 4c ) the fragmentation pattern resembles that of triphenylene. Coronene has only duo hydrogens and a maximum of eight hydrogen atoms are lost within the range of laser fluence explored here. Ekern et al. (1998) noted that coronene reaches full dehydrogenation under their experimental conditions. In our experiments we find that, at laser fluence ≤ 1 mJ, the H-loss and 2H-loss channels have similar intensities. As the laser fluence increases, the 2H-loss mass peak quickly dominates over the H-loss. Additionally, H-and 3H-loss peak intensities are present at all fluences. Unlike in triphenylene, 4H-loss eventually surpasses the H-loss channel at around 3 mJ. Odd-to-even ratios -H/-2H and -3H/-4H remain similar to each other. HBC (C 42 H 18 + ; Fig. 4d ), as perylene, contains only trio hydrogens and it is significantly larger than the molecules considered up to here. The dehydrogenation of HBC has been reported by Zhen et al. (2014b) ; they found the same qualitative behavior observed here for perylene -the further the dehydrogenation progresses, the larger the increase on the successive odd-toeven ratio. However, such behavior is less pronounced than what we find in perylene and becomes noticeable as HBC approaches complete dehydrogenation. One clear difference for HBC with respect to the previous molecules is that the odd hydrogen loss channels are almost non-existent. While the 2H-loss intensity appears constant, it must be noted that in this case the SWIFT isolation was the least efficient, with a large amount of electron impact fragments remaining from the beginning.
PAHs with multiple edge structures (Fig. 5) show a mixed behavior, corresponding to that of the edge structures present. The main factor driving the odd-to-even ratio is still related to the molecular size. Rubicene (Rub; C 26 H 14 + , Fig. 5a ) is the smallest molecule in our sample with a mixture of peripheral hydrogen types, in this case trios and quartos. Additionally, it has pentagonal rings along with the more typical hexagons. We detect losses of up to 8 hydrogen atoms, although the decrease of intensity of the parent peak is much more pronounced than that observed for coronene. As was the case for perylene, the H-and 3H-loss intensities are nearly constant for all laser fluences, although with a lower intensity. At laser fluences below 3 mJ the odd-to-even ratios for -H/-2H and -3H/-4H behave similarly to those observed for perylene. This situation changes at the high end of the fluence range, with the fragmentation pattern showing a closer resemblance to that of coronene, with both ratios having nearly the same values.
Periflanthene (PF; C 32 H 16 + , Fig. 5b ) has a combination of duo and quarto hydrogens and, as rubicene, contains two pentagonal rings in its structure. Up to twelve hydrogen losses are observed. The intensity behavior with laser fluence qualitatively resembles that of coronene, although odd hydrogen losses are lower in intensity. Also the 4H-loss channel overcomes the Hloss channel at a much lower laser fluence. TBP (C 32 H 16 + ; Fig. 5c ) has mostly duo hydrogens, but there are two trio structures as well, with a mixture of bay-regions and tertiary carbons as the connectors. Overall, the dissociation pattern is close to that of periflanthene, displaying the same low intensity for the odd hydrogen losses. The most noticeable difference stems from the fact that 2H-and 4H-loss channel intensities are nearly identical for most of the laser fluence range, a characteristic observed at high laser fluence in rubicene, HBC and, to a lesser extent, in perylene.
Ovalene (Ova; C 32 H 14 + , Fig. 6a ) has a similar behavior as TBP (a molecule with the same size but a less compact structure) although the fragmentation of the parent progresses much further. Ovalene has mainly duo hydrogens but also two solo hydrogens and looses up to twelve hydrogen atoms. The odd hydrogen loss channels are, as for TBP, lower than what has been observed for other molecules, resulting in constant odd-to-even ratios as dehydrogenation progresses. The largest molecule in our sample, dicoronylene (DC; C 48 H 22 + , Fig. 6b ), is composed of mostly duo hydrogens with four solos connected by bay regions. This makes it similar to ovalene in terms of the proportion of edge structures. However, the odd hydrogen fragments are effectively zero, as in HBC, the only other molecule in our sample with more than 40 C-atoms.
In summary, variations in the odd-to-even ratio as the hydrogenation level of the molecule decreases appear to correlate with the number of trios for small molecules (Fig. 7, left panel) , with the largest difference by far observed in the fragmentation pattern of perylene. Molecules with no trios, on the other hand, show a nearly equal -H/-2H and -3H/-4H ratios. However, as the size increases, the intensity of peaks corresponding to odd hydrogen fragment becomes progressively lower and the difference in successive odd-to-even ratios becomes less pronounced, as can be seen from the average ratios (Fig. 7 , right panel) This is particularly evident as the molecules approach 50 C-atoms, for which the odd H products are barely detected. The effect of trios and the decrease in the intensity of odd peaks with increased molecular size are explored next using a combination of DFT calculations and Monte-Carlo simulations.
Dehydrogenation channels and isomerization
We investigated the possible dehydrogenation channels for the PAH cations studied experimentally by calculating a) bond dis-sociation energies (BDE) for H cleavages at different sites and b) transition and intermediate states involved in H 2 formation as function of dehydrogenation. Calculation shows that BDEs for H cleavage are independent of both molecular size and degree of dehydrogenation of the molecule. The edge structure of the molecule, namely if the edge H atoms are alone (solo) or arranged in two, three or four (duo, trio and quarto, respectively, Fig.1 ) affects the dissociation energy. When an edge hydrogen is alone (solo) an average of ∼4.8 eV are needed to remove it. In a duo group, the removal of the first H-atom (both are equivalent) is comparable to that of a solo H, ∼4.8 eV. The same energy is required to remove the first hydrogen in trios and quartos if this H occupies an external position in the ring. In the case of the central hydrogens (one for the trio and two for the quarto), the energy required for the bond cleavage is somewhat higher, at ∼5.0 eV. These results are in agreement with previous theoretical studies (Aihara et al. 1996) .
The BDE for the second hydrogen atom in the same ring, independently on whether it belongs to a duo, trio or quarto, needs ∼3.8 eV when it is next to the first dehydrogenated site. The lower energy with respect to the first hydrogen removal is ascribed to the spin pairing of the adjacent carbons in the nearby site, which creates a triple bond as the lowest energy structure, with a doublet electronic state (West et al. 2014) . In trios and quartos, when the second hydrogen is removed from a position not immediately adjacent to the dehydrogenated carbon, the BDE is of the order of 4.0 eV. In this case a σ bond forms between the two dehydrogenated sites, creating a cyclopropenyl unit which stabilizes cationic molecules (Trinquier et al. 2017a ). Removal of the third hydrogen in a trio leaves an unpaired electron and thus requires ∼4.9 eV. The same energy is required in a quarto if the third H loss is non-adjacent to a dehydrogenated site. In the opposite case, it will require again only ∼3.8 eV. The final hydrogen removal in a quarto is nearly independent of the position and it requires 4.2 eV.
C-H BDEs are determined mostly by the local alteration of the molecular structure near the dehydrogenation site. This results in the invariance of the BDEs as dehydrogenation progresses and in the fact that when a group, e.g. a trio, is half dehydrogenated, removal of H from another group will require 4.8 eV. Small fluctuations of the energies are observed in the presence of bay-region. For instance, the BDE of the first C-H bond will require slightly lower energy (0.2 eV) when it is removed within the bay region rather than at other positions. This is due to the release of steric hindrance in the bay region (Rodriguez Castillo et al. 2018) .
It is interesting to notice that the different energies for sequential H-loss in the case of trio hydrogens could explain the differences observed in the experiments for small molecules like perylene, but not why such differences apparently disappear as molecular size grows. This observation pushed us to explore other pathways leading to hydrogen loss. Given that calculations for the molecules in the sample show that the barriers for these reaction paths are independent of molecular size and dehydrogenation level, we chose perylene to describe these channels and their representative energy values (Fig. 8) . Indeed, perylene contains both bay-region and single tertiary carbon connections between rings so all the pathways investigated are present at once. Direct molecular hydrogen formation (not involving aliphatic C-H bonds) can proceed through the stretching of the C-H bonds in rings separated by a tertiary carbon (C1, Fig. 8 , top-right) as found for zig-zag edges PAHs (Joblin 2003; Paris et al. 2014; Chen et al. 2015) . H 2 formation in this case involves the hydrogens labeled H3 and Hb, with a transition state (ts4) of 5.50 eV. In rings separated by bay-regions (Fig. 8 , bottomleft), C-H stretch of the nearby hydrogen bonds (involving H1 and Ha) can also lead to H 2 formation, in this case with a lower transition state of 5.29 eV (ts9). Molecular hydrogen formation and single H-loss are also possible once aliphatic C-H bonds are available (in the form of CH 2 groups) via H-hopping. Within the same ring (Fig. 8 , bottom-right), we have such a situation when a hydrogen atom hops to a nearby occupied site (ts5), creating a CH 2 group adjacent to an empty site (int5). For trios and quartos, the presence of the CH 2 group in the central carbon(s) (that is, H1 or H3 moving into H2) will lead to charge localization. While the transition state involved is the same, the intermediate will be ∼0.8 eV higher in energy than for H-hopping in the opposite direction. Once the CH 2 group is formed, a single C-H bond can be severed (requiring an additional 2.64 eV) or H 2 can be formed and released via transition state (ts6) requiring slightly lower energy (2.56 eV with respect to int5). This difference is within the accuracy of our DFT calculations, and for different molecules it can favor H-loss rather than H 2 -loss.
H 2 -loss can be achieved also in rings separated by tertiary carbons. For perylene (Fig. 8, top-left) , this can happen when H3 hops to the tertiary carbon C1 (int1) through a transition state. From there either H-loss can proceed directly with an additional 1.05 eV or H3 can jump a second time towards Hb (ts2; requiring 0.13 eV). The resulting isomer (int2) now has an aliphatic group adjacent to an occupied carbon, and H-loss requires an additional (Paris et al. 2014; Chen et al. 2015) . The transition state for H 2 -loss (ts3) on the other hand, now needs 2.91 eV above int2 to take place. Finally, an aliphatic group can form in the bay region if H1 jumps to the neighboring hydrogen Ha, without passing through the tertiary carbons (ts7). This configuration (int5) can again lead to H-loss (2.56 eV above int7) or to H 2 -loss (via ts8, 2.91 eV above int7).
Monte-Carlo simulations
Assumptions and Limitation
Before moving to the results of the Monte-Carlo simulations, it is useful to describe in detail the rates considered and the assumptions made in modeling the reactions involved in the dehydrogenation process. These assumptions stem from the results of DFT calculations for perylene, coronene and ovalene cations and affect the rates included in the simulations. The rates used for the Monte-Carlo simulations are summarized in Tables 1 to 3 . Rates are separated in terms of those involving hydrogen losses, H-roaming within a single ring, jumps to and from tertiary carbons, and hydrogen jumps across bay regions. H-loss can proceed directly from a fully aromatic ring or can have a reduced barrier for rings that have already lost an odd number of hydrogens. Instances where intermediates have a localized charge upon aliphatic formation are indicated in Tables 1 and 3 . In the case of ovalene, the formation of the aliphatic in the position immediately next to a solo site has been labeled as delocalized, while the duos which are non-contiguous to the solo have been labeled as "far" in Table 3 . This localization clearly will affect the rates of both the aliphatic H-loss and the H 2 -loss. We considered only hydrogen roaming across the edge of the molecules. H-roaming within a single ring includes reactions that create an aliphatic CH 2 group, with a hydrogen hopping to a nearby occupied site, and its reverse. Aliphatic exchange refers to one of the hydrogens from a CH 2 group moving into a nearby carbon already occupied by a hydrogen atom. The aromatic exchange corresponds to hydrogen atoms jumping to unoccupied neighboring carbon atoms. The exchange reactions within the same ring are affected by the number of empty sites in the ring in question. For instance, in the case of perylene, the aromatic exchange in a trio with two unoccupied sites has E 0 = 3.30 eV, while listed in Table 1 is the value for aromatic exchange when only one site is unoccupied and we have E 0 = 2.39 eV. Hydrogen shifts to or from tertiary carbons also exhibit a change in the barriers depending on the hydrogenation level of the ring involved in the shift. This is especially noticeable for shifts involving aromatic units. Additionally, hydrogen jumps from tertiary carbons are the only reactions found here that are affected by the edge structure in question. For instance, in the case of ovalene, H-hopping into an occupied solo requires E 0 = 0.17 eV, while the same reaction into an occupied duo has E 0 = 0.52 eV, which has a significant effect in the rate (Table 3) .
DFT calculations showed that the barriers for even and odd H-loss and H 2 -loss are insensitive to the degree of dehydrogenation. However, dehydrogenation affects the energy barriers and ∆S of H-roaming reactions, especially when H is moving along the edge from one ring to the next through a tertiary carbon in the Fig. 9 . Results of Monte-Carlo simulations of the experiments by Jochims et al. (1994) for the hydrogen loss channels of perylene (a) and coronene (b) after 10 −4 s. The vertical lines indicate the experimentally derived AE for H-loss (blue) and H 2 -loss (red). Panels (c) and (d) show the competition between the different dehydrogenation channels involved in the first fragmentation from perylene and coronene, respectively. Panels (e) and (f) also show the competition between the different channels, but in this case for the second fragmentation step (from perylene after H 2 -loss and from coronene after H-loss).
Article number, page 11 of 17 A&A proofs: manuscript no. aa33220-18 three molecules considered. In all of the other cases the fluctuations are a few percent, thus within the accuracy of the calculated barriers. Hence we consider all the rates, except the H-roaming across different rings, to be independent of the hydrogen coverage of the molecule. Additionally, even though H-shifts are known to differ in energy as the distance between the CH 2 and the radical site changes (Trinquier et al. 2017a) , we decided to consider single rates for hydrogen shifts of similar nature. The energy differences found by Trinquier et al. (2017a) in the case of neutral coronene are up to 0.4 eV, which should not significantly affect these rates.
Rearrangements of the carbon skeleton, including formation of ethynyl and vinyl groups, have recently been studied (Bauschlicher & Ricca 2014; Bouwman et al. 2016; Trinquier et al. 2017b) in the context of PAH fragmentation. Since here we focus only on the dehydrogenation process, we calculated as an example the loss of H from coronene after the formation of an ethynyl group. This requires 5.41 eV, while loss of any other hydrogen in the molecule needs only 4.87 eV. Thus we did not include these reaction paths in our simulations. Additionally, we tested the importance of ethynyl formation in coronene and found it to be negligible; while ethynyl groups are indeed formed, H-loss is not efficient in such configuration. The reverse reaction quickly will lead to the closure of the ring and dehydrogenation will occur from other structures, without significantly affecting the AEs (see Sect. 4.3.2 for more details). Thus, we have not considered isomerization channels involving the carbon skeleton.
Results
The Monte-Carlo simulations provide detailed insight in the main fragmentation processes but also highlight some discrepancies. While such discrepancies are minor for perylene and coronene, the case of ovalene must be further discussed before diving into the general results. When running the full MonteCarlo simulations, it became immediately clear that hydrogen roaming to tertiary atoms posed an insurmountable challenge to the understanding of the experimental results. The barriers involved in H-shifts to tertiary atoms (see Table 3 ) imply that the solo sites act as attractors for H-atoms, leading to a fragmentation pattern that cannot be reconciled with our experiments. This issue led us to consider canceling hydrogen shifts to tertiary atoms. Such modification only has a minor effect in simulations involving perylene and coronene, but greatly modifies the case for ovalene. While it was necessary to implement further modifications to reproduce the experiments performed on ovalene (see later), canceling H-roaming to tertiary atoms remained indispensable. Given this, all results presented in this section refer to cases where H-roaming is limited to jumps within a single ring or across bay-regions. Simulation results involving the jumps to tertiary carbons are present in Appendix A.
To validate our Monte-Carlo simulations we run them under the conditions given by Jochims et al. (1994) in an attempt to reproduce their results. In their experiments, they derive AEs of different fragmentation channels within a 10 −4 s timescale for perylene and coronene, among other PAHs. For these two PAHs, they determined the AE of the H-loss (not observed in perylene and 12.05 eV for coronene) and H 2 -loss channels (11.34 and 13.43 eV for perylene and coronene, respectively). Figure 9a and b show the results of the Monte-Carlo simulations up to 30 eV of internal energy for perylene and coronene; the vertical lines mark the AEs derived by Jochims et al. (1994) . The energies at which the fragmentation products appear during the simulations show a reasonable agreement with the experiments by Jochims et al. (1994) . The differences appear in the H 2 /2H-loss channels; in perylene these become relevant at lower energy within our models with respect to the experimental values, while the opposite is true for coronene. The differences in both cases are 1 eV and the non-detection of the H-loss channel in perylene is well reproduced as well, leading us to conclude that our Monte-Carlo simulation provides an acceptable model to study PAH fragmentation.
Additional channels (3H-loss and 4H-loss) are also observed at higher energies, with perylene undergoing quick full dehydrogenation. As was explained in Sect. 3, we focus only in losses of up to four H-atoms since beyond this point other isomerization and fragmentation channels involving the carbon skeleton can become important. In these simulations, we have also investigated the different contributions to the fragmentation channels involved along the dehydrogenation process. Figure 9c coronene) occurs preferentially from aliphatic sites rather than from aromatic hydrogens. This means that hydrogen shifts play a significant role in PAH dehydrogenation. However, whether the fragmentation proceeds through H-or H 2 -loss is molecule dependent. Figure 9c additionally shows that H 2 -loss across the bay regions becomes a competing channel at high internal energies in perylene. The second loss in coronene (Fig. 9f) happens almost exclusively through the sequential hydrogen loss -i.e. the lone hydrogen in the ring that has already lost a hydrogen atom. The same fragmentation channel dominates the second loss in perylene (Fig. 9e) in the beginning, due to the fact that a hydrogen atom crossing the bay region into an empty site is a very fast, almost barrierless reaction (Table 1) . This leads to a significant fraction of isomers with two H-atoms in two trios, leading in turn to four potential hydrogen losses with a reduced barrier. However, as the internal energy increases, the competition with the formation of a second aliphatic group and the loss of another H 2 unit becomes relevant and both become equally likely.
We next applied the Monte-Carlo simulations to study PAH behavior under the conditions of our own experiments with iPoP. The internal energy is now able to increase as the molecule absorbs photons during the simulated laser pulses. Figure 10a and b shows the results for both perylene and coronene, respectively. While differences remain, the qualitative behavior of the simulations provides a good match to the differences observed experimentally (Fig. 5b and c) . In the case of perylene, we observe that the ratio of odd and even H-losses does increase as dehydrogenation progresses. However, the 3H:4H ratio derived experimentally is not as large at high laser fluence as the one obtained from the simulations. Coronene provides a closer match to the experimental data, with the H:2H and 3H:4H ratios reaching roughly the same values, although the fluence values at which the channels appear do not match exactly.
AEs of the dehydrogenation channels for ovalene have not been determined experimentally. Still, we looked into the fragmentation pattern and how well the simulation reproduces our own experiments. As can be seen in Table 3 , the various aliphatic losses from the duos have all different activation energies and enthalpies, depending on the position of the aliphatic groups. Figure 11a shows the result of the simulation in terms of the internal energy, taking into consideration all these differences in the aliphatic losses. Comparison with the same simulation but for coronene (Fig.9a) suggests that this behavior with internal energy will not reproduce the experimental results. We have tested a set of possible solutions, considering all the aliphatic losses with the same parameters, whether they correspond to localized, delocalized or to the far-away carbons, but to no avail. In all these cases, the fragmentation pattern leads to different ratios of odd to even losses as dehydrogenation progresses or to the ratio being about twice as large as the experimental results. Due to the similarity of edge structure in coronene and ovalene, we explored the possibility to set the energy barriers for aliphatic formation and losses in ovalene as in coronene, while keeping the enthalpy of formation corresponding to the delocalized aliphatic intermediate state of ovalene. The result is shown in Fig. 11b ; the fragmentation is now occurring in steps of two, with a small fraction of the molecules retaining 13 or 11 hydrogen atoms (1H or 3H loss). Given that this setting reproduces more closely the experimental results, we will present the results of this simulation, and discuss the implications of our choice in the following section.
In ovalene, as in perylene, the dominant loss channel is aliphatic H 2 -loss (Fig. 11c) , although a variety of other channels also contribute to a smaller extent. However, unlike perylene, ovalene has a compact structure, without bay-regions, which prevents the exchange of hydrogens between different rings after the first loss. This leads to the second loss (from ovalene after H 2 -loss) being nearly identical in nature to the first one (Fig. 11d) . The results of the Monte-Carlo simulation considering the conditions of the experiment is shown in Fig. 12 . A qualitative comparison with the experimental results (Fig. 6a) , shows a remarkably similar behavior, with ovalene missing two hydrogens dominating at low laser fluence, and later ovalene missing four hydrogens reaching a similar level. Along the same lines, the low fraction of fragments with odd hydrogenation is very well reproduced, with both monodehydrogenated ovalene and ovalene with three lost hydrogens having nearly the same fractional abundance. However, it must be noted that the laser fluence range where the fragmentation happens in the Monte-Carlo simulations is much lower than that observed in the experiments.
Discussion
The experimental results show that the edge structure affects the intensity of successive odd and even hydrogenation losses in small PAHs, producing variation in the even-to-odd peak ratios as dehydrogenation progresses. Larger (N C ≥ 30) PAHs behave similarly and show a pronounced decrease in the intensity of the odd peaks, with little to no variations in the odd to even ratios as the dehydrogenation progresses. The edge effect in small PAHs can be understood by directly looking at the energetics of the DFT calculations and is further supported by the results of our Monte-Carlo simulations. In all cases, the formation of aliphatic CH 2 groups during hydrogen hopping is a crucial step in the dehydrogenation, since the vast majority of the losses from PAHs with an even number of hydrogens occur through aliphatic H-or H 2 -loss. The preferred channel among these two appears to be highly dependent on the particular molecule. While the barriers for both processes tend to be close in energy (usually within the accuracy of DFT calculations), ∆S 1000 shows larger variations. The Monte-Carlo simulations for perylene and coronene allow us to understand the effect of edge structure and the different experimental dehydrogenation patterns both molecules exhibit. The absence of the -H fragment in perylene is due to the dominant channel being H 2 -loss from an aliphatic site, while the increased intensity of the -3H fragment with respect to the -4H is explained as the rapid exchange of hydrogens between nearby rings across the bay regions. On the other hand, coronene retains a considerable fraction of fragments with an odd number of hydrogens, although the evens are always more abundant, confirming earlier experiments (Jochims et al. 1994; Joblin 2004) . Our simulations show that coronene loses hydrogens sequentially, thus explaining the pattern and the constant odd to even ratios. Aliphatic H-loss dominates the first loss, while the second hydrogen loss proceeds much more rapidly due to the reduced barrier in partially hydrogenated rings.
Using the results for coronene and perylene, we can rationalize the fragmentation patterns observed in the other molecules studied here and look for general trends applicable to PAHs as a whole. In Sect. 4.2 we saw that BDEs for H losses in duo and quarto behave similarly thus making the case for the overall fragmentation pattern -enhanced even peaks over odd peaks -observed in triphenylene. Furthermore, the presence of bayregions and the possibility of a fast H hopping across them in this molecule also explains the differences observed between triphenylene and coronene, that is, odd peaks are slightly more intense in the former. The same case can be made for rubicene, where the presence of trios and bay regions in combination with quarto hydrogens gives raise to its unusual fragmentation pattern. All small PAHs (N C < 32) in our sample show variations in the dehydrogenation behavior that can be connected to the presence of bay-regions and the different edge structures present. The actual strength of odd-to-even ratios are indicative of whether Hor H 2 -loss dominates the fragmentation. In our case, the low intensity for the first H-loss in perylene suggests that this is the only molecule which undergoes significant molecular hydrogen formation as part of its fragmentation process, a conclusion also supported by other studies (Jochims et al. 1994) . Figure 7 shows that the average odd-to-even ratio correlates with molecular size. Furthermore, the dependence on the edge structure appears to be washed away as the molecular size increases. This is particularly striking in the case of HBC: no variations in odd-to-even ratio are observed as dehydrogenation progresses, although the structure of HBC resembles that of perylene (trios and bay region), where the ratios do change. Such changes have been observed in other experiments involving HBC, although only when the hydrogenation level is much lower than what we currently investigated and with an overall lower degree of variations (Zhen et al. 2014b) . The difference between perylene and HBC is probably due to a larger degree of competition between aliphatic and bay-region H 2 -loss. This being the case, the influence of the H-hopping across bay regions would be greatly reduced and sequential H-loss would become a secondary channel until further down the dehydrogenation process.
The inability of our Monte-Carlo simulations to reproduce the experimental results for ovalene when all the possible rates are considered, tells us that there must be issues with the DFT results. Given the structural similarity between coronene and ovalene (both compact molecules dominated by duo edges), it is tempting to speculate that the problem arises when dealing with the only structural difference, namely the presence of solo hydrogens. Hydrogens in solo positions are known to be the most reactive sites in PAHs (Aihara et al. 1996) . Our quantum chemistry calculations show that once a H atom has moved from a duo group to the tertiary C between solo and duo (R1 from hereafter), the intermediate state lies quite high in energy (3.7 eV) with respect to the standard ovalene. From there, moving to the solo site (R2) requires only 0.17 eV -almost a barrierless reaction -which makes the solo site the place where the roaming H will end up being. From there, aliphatic H-loss has a lower barrier than H 2 -loss and thus dominates. This situation would change if a) the barrier of R2 was higher or b) once on the tertiary C, the H would jump into the carbon skeleton rather than of along the edges. We then recalculated the barrier of R2 using the M06-2X functional, which is known to give more reliable values for barrier height (Zhao & Truhlar 2011 ), but we found a value 0.21 eV which does not affect the reaction rate. We also calculated the barrier for H-roaming inside the ring, and found that both forward and reverse barriers are comparable to other jumps to tertiary.
Only by using the barriers derived for coronene in the aliphatic formation and loss processes, we were able to produce a qualitative agreement with the experiments for ovalene. In order to explain the observed decrease of the odd-to-even ratio as PAH size increases (Fig. 7) , the photofragmentation needs to be dominated by H 2 -loss, whether from aliphatic sites or bay-regions. By looking in particular at the case of HBC, it is possible that the H 2 -loss channel in bay-regions will become a more competitive channel -as seen at high E int in perylene. Aromatic H 2 -loss, on the other hand, is never observed to be a competitive channel. This is expected due to its high energy barrier (more than 1 eV above most other dissociation channels). A summary of the dominant reactions according to the type of edge structure and PAH size is presented in Table 4 .
Conclusions
In this paper we combined experiments, theory and modeling to understand the dehydrogenation behavior, in particular the oddto-even ratio, of a sample of nine different and representative PAHs up to astronomical sizes N C = 48. The results of the modeling are not only consistent to our own experimental results, but also reproduce reasonably well the observed appearance en- ergies and fragmentation channels observed by Jochims et al. (1994) . The Monte-Carlo simulations show two main factors acting on the behavior of the odd-to-even H-loss pattern observed during PAH dehydrogenation: edge structure and size. The edge structure effects are important in small PAHs and are related to the presence of trios and bay-regions,both of which increase the relative intensity of odd H peaks with respect to even peaks as dehydrogenation progresses. As PAH size increases, the odd-toeven peak ratio decreases, effectively reducing the variations due to different edge structures until they become almost unrecognizable for N C ≥ 32). The decrease of the odd-to-even ratio with increasing PAH size can clearly be observed in Fig. 7 , with the largest molecules displaying ratios close to zero. In line with the Monte-Carlo simulations, the lack of odd H peaks can be interpreted considering that in larger molecules aliphatic H 2 -loss dominates over aliphatic H-loss.
The loss channels from PAHs with even hydrogenation are all dominated exclusively by aliphatic losses, whether in the form of atomic or molecular hydrogen. Thus, hydrogen hopping along the edge of PAHs is an indispensable ingredient to the dehydrogenation of PAHs and should be taken into account when modelling the photochemistry of PAHs in space. This is particularly true when considering H 2 formation on PAHs, given that such a loss from a fully aromatic molecule has a rate limiting barrier at much higher energy than the equivalent process from an aliphatic site.
H-hopping across different rings through a tertiary carbon shows little to no importance in small molecules and was problematic in the case of ovalene, resulting in ratios and fragmentation patterns inconsistent with the experimental results. This begs for a detailed assessment on the capabilities of DFT for studying fragmentation and isomerization processes in large molecules in general and solo containing PAHs in particular.
Our study could not elucidate which properties determine the preference for one loss channel or another. The size dependence observed in our experiments suggests that molecular size might be a crucial parameter in favoring H 2 -loss. Further experiments, particularly in large PAHs with a significant number of solo hydrogens are needed to help elucidate the role of this edge structure in the dehydrogenation process and establish the accuracy of the rates and barriers derived from DFT calculations.
From an astrochemical perspective, this work suggests that molecular hydrogen can be an important by-product of the photodestruction of large, astronomically relevant PAHs. Such connection has been suggested before, but the vast majority of previous studies focus on hydrogen abstraction, which is only relevant in regions where PAHs are found in superhydrogenated states (e.g., where G 0 /n(H) is very small, where G 0 is the UV field intensity and n(H) the atomic hydrogen density: Montillaud et al. 2013; Boschman et al. 2015; Andrews et al. 2016) . However, in regions where the UV radiation field is low, most of the H is typ-Appendix A: Monte-Carlo with tertiary H-hopping Figure A .1 shows the results of the Monte-Carlo simulations of perylene, coronene and ovalene. In this case all rates have been allowed, including H-hopping to and from tertiary carbons, which were excluded in the main text. Perylene (Fig. A.1a) shows no noticeable changes with respect to the results with exclusion of the tertiary rates (Fig. 9a) . Coronene (Fig. A.1b) displays minor changes in AE for its fragments with respect to the results from Fig. 9b , but the overall behavior is not modified. Note that in the present case the match with the AE of Jochims et al. (1994) is better. However, the case of ovalene (Fig. A.1c) is markedly different from the simulation run with no tertiary jumps ( Fig. 11a and b) . As explained in the main text, this is due to the solo hydrogens acting as attractors for the roaming hydrogens. 
